Abstract. Colorectal carcinoma growth and progression is dependent on the vasculature of the tumor microenvironment. Tumor-derived endothelial cells differ functionally from their normal counterpart. For this reason we isolated microvascular endothelial cells from human colon cancer tissue (HCTEC) and compared them with endothelial cells from normal colonic tissue (HCMEC) of the same donor. Since hypoxia is a universal hallmark of carcinomas, we examined its effects on HCTEC of five patients in comparison with the corresponding HCMEC, with respect to the secretion of the soluble form of the two important vascular endothelial growth factor (VEGF) receptors, VEGFR-1 and -2. After dissociation by dispase/ collagenase of central non-necrotic tumor areas obtained from colon carcinomas, HCTEC were isolated using CD31-coated magnetic beads and cultivated as monolayers. Subsequent characterization studies demonstrated the endothelial phenotype, including VEGFR-1 and -2 mRNA and protein expression as well as E-selectin expression, upregulated after LPS, TNF· and IL-1ß stimulation. sVEGFR expression analyses were performed using ELISA. In comparison with HCMEC markedly lower sVEGFR-1 protein concentrations were found in HCTEC. These low sVEGFR-1 levels remain unchanged under hypoxia. In contrast, sVEGFR-2 was significantly decreased in both HCMEC and HCTEC under hypoxic conditions (p≤0.001). Comparative studies with endothelial cells isolated from human colorectal cancer and non-neoplastic colon will be useful for understanding the progressive behavior of colorectal cancer. The different secretion profiles of sVEGFR-1 and -2 between HCTEC and HCMEC underline the importance of using a functionally adequate and relevant tumor-derived microvasculature for in vitro studies of tumor progression. Since sVEGFR-1 can act as a natural endogenous VEGF-inhibitor, the homogeneously low sVEGFR-1 levels under normoxia and hypoxia in HCTEC could be a marker for a 'pro-angiogenetic disposition' of the tumorderived endothelium. The reduced sVEGFR-2 level profiles in hypoxic HCMEC and HCTEC provide evidence for a novel microvascular endothelium-specific biomarker in hypoxia-response processes.
Introduction
Tumor angiogenesis, one of the hallmarks of the cancer phenotype, is the proliferation of a network of blood vessels from a pre-existing mature vasculature that penetrates into malignant tumors or from recruited precursor endothelial cells (1, 2) . Enhanced vascularity results in increase of tumor growth by supplying nutrients and oxygen and enhanced metastatic potential by providing the matrix for tumor cell intravasation. It is well documented that tumor vessels differ morphologically and functionally from their normal counterparts (3). Thus, tumor vessels proliferate more rapidly, are disorganized and have structural abnormalities of their mural components, irregular blood flow and elevated permeability. Additionally, tumor-derived endothelial cells overexpress specific genes, are sensitive to growth factors and resistant to apoptotic stimuli and demonstrate cytogenetic abnormalities. These significant differences between normal and tumor endothelial cells necessitate the use of endothelial cells isolated from tumor tissue for studying the mechanisms of tumor angiogenesis and endothelium-tumor interaction. Until now limited studies were carried out using cultured tumorderived endothelial cells from carcinomas (4) (5) (6) .
The tumor microenvironment is characterized by hypoxia (7) . The discrepancy between rapid tumor proliferation and insufficient blood supply leads to low oxygen partial pressure (pO 2 ) in tumors. In such an unfavourable mileau tumors can remain viable by stimulating angiogenesis predominantly by (19) . Until now it is not clear whether sVEGFR-2 is a product of alternative mRNA splicing, proteolytic cleavage of the membrane receptor or another mechanism. It appears likely that sVEGFR-2 is a product of ectodomain cleavage from the cell surface. Using xenograft tumors it was shown that increasing tumor burden leads to decreased sVEGFR-2 levels mediated by tumor-derived VEGF (20) . Experiments with recombinant sVEGFR-2 capable of neutralizing VEGF action in vitro could also block tumor angiogenesis in vivo (21) . Currently, data on secretion of sVEGFR-1 and -2 from isolated tumor-derived endothelial cells has not been described. Previously, we established a method for isolation of human colonic microvascular endothelial cells (HCMEC) (22) . The main goal of the present study was to establish a relatively easy, reproducible method for isolation of human colonic tumor-derived microvascular endothelial cells (HCTEC) for comparative studies. In a next step we compared HCMEC and HCTEC, each obtained from the same patient, with respect to their ability to secrete sVEGFR-1 and -2 under normoxic and hypoxic culture conditions.
Materials and methods
Isolation and culture of HCTEC. Human colonic tumorderived endothelial cells were obtained from central nonnecrotic tumor areas of colon carcinomas surgically resected from patients who underwent colectomies for colon cancer. The present study was approved by the ethics committee of the University of Mainz and informed consent as defined by the Helsinki Declaration was obtained from each patient. Tumor tissue (~3 g) was cut into small fragments with scissors. After removal of blood cells with PBS-BSA 0.1%, the tissue was treated with dispase (0.4% at 4˚C for 18 h; Sigma, Taufkirchen, Germany). After filtration the tissue was digested with collagenase type II (0.2%, at 37˚C for 40 min; Serva, Heidelberg, Germany) in a volume of 10 ml, followed by a further filtration step. The cell clumps were then repeatedly resuspended in PBS-BSA and filtrered through a 100 μm cell strainer. The cell suspension was then centrifuged for 5 min at 1500 rpm and the cell pellet was resuspended in culture medium composed of MCDB131 with 15% fetal calf serum (FCS; Gibco, BRL, UK), Glutamax 1% (Gibco), Fungizone 1% (Gibco) and Ciprobay 1% (Bayer, Leverkusen, Germany) and seeded in gelatin-coated (0.2%) tissue culture flasks. This mixed cell culture was cultivated at 37˚C in a gas mixture of 5% CO 2 in air for 4 h, followed by washing with PBS to remove all non-adherent cells. Fresh medium (Endothelial Growth Medium and supplement mix; Promocell, Heidelberg, Germany) was added and cells were cultivated as described above until subconfluence. The monolayer was subcultured 1:3 by trypsinization. Positive selection of HCTEC was achieved using magnetic beads (1 μm diameter) coated with a mouse monoclonal antibody against CD31 (Dynal, Oslo, Norway) in passage one and two. In the third passage culture medium was changed to MCDB131 with 15% FCS, 1% glutamax, 1% penicillin/streptomycin, 2 ng/ml bFGF (Sigma), 50 μg/ml heparin (Sigma), and 50 μg ECGS (Sigma). Characterization of HCTEC. For immunofluorescence staining HCTEC were seeded on fibronectin-coated glass chamber slides (LabTec, Nunc, Wiesbaden, Germany) and grown to subconfluence. Cells were fixed with buffered 3.7% paraformaldehyde (15 min, room temperature) and permeabilized with 0.1% Triton X-100 (5 min, room temperature). Monoclonal mouse anti-human E-Selectin (Serva), monoclonal mouse anti-human CD31 (Dako, Hamburg, Germany), polyclonal rabbit anti-human Faktor VIII (Dako) and monoclonal mouse anti-human sm-actin (Progen, Heidelberg, Germany), monoclonal mouse antihuman cytokeratin (Dako) were used as primary antibodies. Alexa Fluor 488 goat anti-mouse and Alexa 546 goat antirabbit (Eugene, OR, USA) were used as secondary antibodies. Nuclear staining was performed with Hoechst 33342 (Sigma). Fluorescently labeled cells were covered with GelMount (Biomeda Corp/Natutec, Frankfurt, Germany).
For the cytokine and LPS stimulation experiments of Eselectin in HCTEC, endothelial cells were stimulated with 50 ng/ml LPS (Sigma), 20 ng/ml TNF-· (Sigma) and 0.5 ng/ml IL-1ß (Strathmann Biotech, Hamburg, Germany) for 6 h.
Isolation and culture of HCMEC. HCMEC were isolated from the corresponding normal colonic tissue of the same donor and cultured as previously described (22) . For all experiments HCMEC in passage 3 were used.
Immunofluorescence. HCTEC and HCMEC were seeded onto fibronectin-coated glass chamber-slides (LabTek). After growing to subconfluence cells were fixed with buffered 3.7% paraformaldehyde (15 min, room temperature) and permeabilized with 0.1% Triton X-100 (5 min, room temperature). Rabbit polyclonal anti-human FLT-1 (Santa Cruz, Heidelberg, Germany) and monoclonal anti-human KDR (Chemicon, Düsseldorf, Germany) were used as primary antibodies. Alexa Fluor 488 goat anti-mouse and Alexa 546 goat anti-rabbit were used as secondary antibodies. Nuclear staining was performed with Hoechst 33342 (Sigma). Fluorescently labeled cells were covered with GelMount.
Semiquantitative reverse transcription-PCR. RNA isolation was performed using the RNeasy kit (Qiagen, Hilden, Germany) in accordance with the manufacturer's protocols. ß-actin and VEGFR-1 and -2 transcripts were analyzed by RT-PCR. RT was performed with the help of the Omniscript RT kit (Qiagen) in accordance with the manufacturer's manual. As a template for the specific PCR reactions 2 μl of the synthesized cDNAs-pool was used. To amplify the ß-actin specific fragment, 574 base pair (bp), the primers 5'-GACCTGACTGACTACCTCATGA-3' (forward) and 5'-AGCATTTGCGGTGGACGATGGAG-3' (reverse) were used. Amplification of the human VEGFR-1 specific fragment, 441 bp, was performed using the primers 5'-GCACCT TGGTTGTGGCTGA-3' (forward) and 5'-GGTTTCGCA GGAGGTATGGTG-3' (reverse). Amplification of the human VEGFR-2 specific fragment, 473 bp, was performed using the primers 5'-TATGTCTATGTTCAAGATTAC-3' (forward) and 5'-AAGTTTCTTATGCTGATGCTT-3' (reverse). Amplification reactions were performed with the help of the Gene Amplification PCR System 2400 (Perkin Elmer, Norwalk, CT, USA) thermocycler. The PCR products were separated on agarose gels (2%) supplemented with ethidium bromide and analyzed by viewing under UV.
ELISA analysis. Levels of sVEGFR-1 and sVEGFR-2 were measured in cell lysates of HCMEC and HCTEC of 5 patients cultivated under normoxic (21% O 2 ) and hypoxic (3% O 2 ) conditions over 24 h. For the quantitative determination of human sVEGFR-1 and -2 concentrations in cell lysates commercially available sandwich ELISA assays (R&D Systems, Wiesbaden, Germany) were used according to the manufacturer's instructions. Cell lysates were prepared using a lysis buffer provided with the kit. The optic density of the color reaction was determined using a microplate ELISA reader set to 450 nm.
Statistical analysis. Statistical analyses were performed using the Wilcoxon signed rank test. Significance was set at p<0.05.
Results

Isolation and characterization of human colonic tumorderived endothelial cells (HCTEC)
. HCTEC are isolated from the carcinoma tissue from specimens of five patients undergoing surgery for colorectal cancer. HCTEC were obtained from lymphatic and blood microvessels from central non-necrotic tumor areas (Figs. 1A1 and 2 ). The isolation was carried out after dispase/collagenase digestion and incubation with CD31-coated magnetic beads. The isolated endothelial cells were cultured in gelatin-coated flasks and grown to confluence within 6-8 days. The culture monolayer of the HCTEC had the same morphology as the normal counterpart HCMEC and consisted of closely associated cells with a fusiform shape (Fig. 1B) . The cultured cells were assayed for an endothelial-specific phenotype in the third passage of cultivation, leaving enough numbers of cells for further experiments. To define the endothelial origin of HCTEC, expression analyses were performed using immunofluorescence staining. Most of the endothelial cells specifically expressed the endothelial markers, von Willebrand factor and CD31 ( Fig. 2A) , whereas the reaction with antibodies to whole-cytokeratin and sm-actin were negative, a result that excludes the possibility of contamination with epthelial cells and subendothelial smooth muscle cells (data not shown). Culture impurity with fibroblasts can also be excluded because of rapid overgrowth of this cell type. In a next step of characterization, we investigated the induction of E-selectin, a member of the selectin family of endothelial cell adhesion molecules (23), on HCTEC. E-selectin is a key endothelial marker because it is generally expressed only in endothelial cells in response to induction by pro-inflammatory factors, such as tumor necrosis factor-· (TNF-·), interleukin 1-ß (IL-1ß) and bacterial lipopolysaccharide (LPS) (24, 25) . Fig. 2B demonstrates the inducibility of E-selectin on HCTEC after stimulation with TNF-·, IL-1ß and LPS. Expression of Eselectin was not detected in non-stimulated HCTEC.
Using RT-PCR and immunfluorencense constitutive expression of VEGFR-1 and VEGFR-2 mRNA and protein was found. The mRNA levels of VEGFR-1 were lower in comparison with VEGFR-2 (Fig. 3A) . At the protein level congruent results were obtained (Fig. 3B) .
For the following comparative studies, using the same protocol we isolated from the non-neoplastic colon tissue pairwise the corresponding HCMEC from the normal microvasculature.
sVEGFR-1 and -2 are differentially expressed in HCMEC and HCTEC.
In the next step, we compared the concentrations of sVEGFR-1 and sVEGFR-2 in cell lysates of HCMEC and HCTEC of five patients under normoxia and hypoxia using specific ELISA. Under hypoxic conditions a marked increase of sVEGFR-1 on HCMEC in three of the five investigated cases was observed (range: 90-390 pg/ml protein under normoxia vs. 220-590 pg/ml under hypoxia) (Fig. 4) . Additionally, whereas in one case the sVEGFR-1 levels remained unchanged under normoxia and hypoxia (580 pg/ml protein under normoxia vs. 610 pg/ml under hypoxia), in one individual hypoxia induced sVEGFR-1 reduction (960 pg/ml protein under normoxia vs. 780 pg/ml protein under hypoxia). In contrast, in HCTEC the sVEGFR-1 expression pattern remained unchanged unter hypoxia (range: 120-240 pg/ml protein under normoxia vs. 130-300 pg/ml protein under hypoxia). Very similar mean values for sVEGFR-1 levels were found under both oxygen conditions (196 pg/ml protein under normoxia versus 208 pg/ml under hypoxia). In comparison to HCMEC markedly lower sVEGFR-1 protein concentrations were found in the tumor-derived endothelium under both oxygen conditions. Thus, mean values for sVEGFR-1 levels in HCMEC were 474 pg/mg protein under normoxia and 566 pg/mg under hypoxia and in HCTEC 196 pg/mg protein under normoxia and 208 pg/mg under hypoxia.
In three of five investigated cases sVEGFR-2 was significantly reduced in HCMEC under hypoxia (p=0.001) (Fig. 5) . The means of sVEGFR-2 levels were 2000 pg/mg protein under normoxia and 1620 pg/mg under hypoxia. Four hypoxic HCTEC cultures expressed reduced levels of sVEGFR-2 (mean levels 2540 pg/ml protein under normoxia vs. 1660 pg/ml protein under hypoxia; p<0.001).
sVEGFR-2 was significantly elevated in two cases (patients 3 and 5) and reduced in one case (patient 2) in HCTEC in comparison to the corresponding HCMEC under both conditions of normoxia and hypoxia. Following exposure of HCTEC to hypoxia a marked reduction of sVEGFR-2 in one case was observed, whereas protein levels remained unchanged under normoxia (patient 1). HCMEC and HCTEC of patient 4 have exhibited the same sVEGFR-2 concentrations under both oxygen conditions. Thus, the normoxic and hypoxic sVEGFR-2 expression pattern of HCTEC and corresponding HCMEC was variable and individually different. Interestingly, the sVEGFR-2 level changes of HCTEC and the corresponding HCMEC of the same patient were unidirectional under normoxia and hypoxia in four cases (patient 2, 3, 4 and 5).
Discussion
Endothelial cells in the vicinity of tumors make an essential contribution to tumor growth and metastasis. It is now well recognized that tumor endothelium is different from normal vasculature with respect to morphology and biological behavior. The elucidation of the mechanisms of tumor angiogenesis will certainly provide more precise and effective anticancer therapies. To this end comparative studies of the characteristic vasculature from the tumor and the corresponding non-neoplastic tissue are imperative. Previously, we described a method for the isolation and culture of human colonic microvascular endothelial cells (HCMEC). In the present study we extended this approach to the isolation of tumor-derived endothelial cells from specimens of surgically resected colon carcinoma (HCTEC). By using CD31-coated magnetic beads we selectively isolated microvascular endothelial cells from central non-necrotic tumor areas. The method is reproducible, relatively easily applicable and yielded endothelial cells with a high viability. Morphologically the endothelial cell colonies in culture exhibited a fusiform appearance, which was also shown in HCMEC. The endothelial nature of the cells was demonstrated phenotypically by positive immunostaining with endothelial specific antibodies to vWF and CD31.
There is evidence that E-selectin is involved in the process of colon carcinoma metastasis by mediating adhesion between the endothelium and the corresponding ligand on colon carcinoma cells (26) . In the present study E-selectin was expressed on HCTEC after stimulation with LPS, TNF-· and IL-1ß. These results are in agreement with the observation of Schellerer et al, who found E-selectin induction in IL-1ß-stimulated tumor-derived endothelial cells from colon carcinomas (6) . In both culture studies the basal E-selectin level under unstimulated conditions was negative. However, Ye et al reported that E-selectin was constitutively expressed in vessels of colorectal cancer specimens (27) . These observations indicate that for the in vivo situation the totality of components of the tumor microenvironment should be taken into consideration. Thus, colon carcinomas are characterized by peritumoral inflammation with secretion of high amounts of pro-inflammatory cytokines, such as TNF-· IL-1ß. LPS, an endotoxin of ubiquitously existing colonic bacteria, which can translocate from the luminal site to the site of deepest tumor penetration after intestinal mucosal injury such as tumor ulceration (28) . Taking these facts together, our present results indicate that a prolonged peritumoral availability of LPS, TNF-· and IL-1ß could potentially stimulate E-selectin expression in tumor endothelium and subsequently an E-selectin-mediated metastasis cascade.
We observed that HCTEC constitutively coexpressed mRNA and protein of both VEGF receptors, VEGFR-1 and -2. In particular, VEGFR-1 was expressed in markedly lower levels in comparison with VEGFR-2. This observation is consistent with previously published data in tumor-derived endothelial cells isolated from human renal carcinomas (4) . The survival and growth of tumor cells is dependent on adequate supplies of oxygen and nutrients controlled by tumor angiogenesis. The extent of angiogenesis results from the balance between pro-angiogenetic and anti-angiogenetic factors released by tumor and host cells (29) . VEGFR-2 is the major mediator of endothelial mitogenesis and survival as well as angiogenesis. In contrast, VEGFR-1 functions mostly as a negative regulator of angiogenesis. In this context, the ratio of high VEGFR-2 levels to low VEGFR-1 levels in the basal status of HCTEC may reflect the expected proangiogenic phenotype of the tumor vasculature.
Studies concerning the secretion of sVEGFR-1 and -2 from tumor-derived endothelial cells have not yet been published. The results presented here clearly show that both soluble VEGF receptors are detectable in HCTEC cultures. However, in comparison with HCMEC markedly lower sVEGFR-1 protein concentrations were found in HCTEC. These low sVEGFR-1 levels remain unchanged in HCTEC under hypoxia. Since sVEGFR-1 is a potent and selective endogenous inhibitor of VEGF-mediated angiogenesis, this finding suggests that the pro-angiogenic status of the tumor endothelium in normoxic and hypoxic tumor areas can also be sustained by low sVEGFR-1 levels. Additionally, the unchanged sVEGFR-1 expression pattern of HCTEC under normoxia and hypoxia could be a marker of their 'hypoxia-resistance'.
In contast to sVEGFR-1, the (patho)physiological roles of sVEGFR-2 still remain unknown. Our previous study provided evidence that hypoxia consistently induces a decrease of sVEGFR-2 levels in HCMEC (22) . In accordance, in the present study hypoxic HCMEC cultures also demonstrated a significant sVEGFR-2 reduction. Interestingly, sVEGFR-2 decrease in response to hypoxia was also found in the corresponding tumor endothelium. Our hypothesis, that sVEGFR-2 can serve as a microvascular endothelium-specific biomarker in hypoxia-response processes seems to be valid for tumor microvasculature as well. The generally accepted opinion is that an increase in circulating VEGF leads to a corresponding decrease in sVEGFR-2 level by internalization and down-regulation of the receptor from the cell surface (20) . Since hypoxia is the major inducer of the highly potent pro-angiogenic and prosurvival endothelial mediator VEGF, hypoxia-induced reduction of sVEGFR-2 in HCTEC may be an accompanying pathophysiological event of VEGF-mediated processes of tumor progression. Interestingly, the secretion profiles of sVEGFR-2 between HCTEC and HCMEC under normoxia and hypoxia were variable. Whether this observation is dependent on different aggressive and/or metastatic tumor potential needs to be confirmed by further studies.
We conclude that comparative studies with endothelial cells of human colorectal cancer and healthy colon will be useful for understanding the progressive behavior of colorectal cancer. The homogeneously low sVEGFR-1 levels under normoxia and hypoxia in HCTEC could be a marker for a 'pro-angiogenetic disposition' of the tumorderived endothelium. Similar to HCMEC, sVEGFR-2 can serve as a microvascular endothelium-specific biomarker in hypoxia-response processes in HCTEC. On the basis of our studies we suggest that hypoxia-induced reduction of sVEGFR-2 could facilitate the VEGF-mediated processes of tumor progression.
